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Abstract 
High pressure die casting (HPDC) is one of the most suitable fabrication processes for complex shaped and thin walled 
castings. Applied in transport vehicles vibrations can occur due to weight-optimized component designs. Potential noise 
exposure can be avoided by the integration of smart materials. Contrary to an application on the component surface, the 
functional module is protected against external influences and force/form-fitted in the casting. Using HPDC is a 
challenging approach due to high thermal and mechanical loads during the fabrication cycle. In addition, the module has 
to be firmly connected to the aluminum matrix. Subsequent to the casting process, active Zn-coatings are applied. Results 
are presented, which exhibit a damage free integration of the smart components and the formation of diffusion zones 
between casting matrix and hybrid support structure.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
High pressure die casting (HPDC) fulfills the sophisticated requirement profile for modern casting goods. 
Short casting cycles, high cost efficiency for large piece numbers and highly complex shapes with thin walled 
casting sections are the main advantages and provide constructing engineers with a high degree of design 
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freedom [1]. Since a high portion of HPDC-products are integrated in transport vehicles [2], these components
also face the challenge of weight reduction with consistent mechanical and structural properties. However it is
well known that reducing wall thicknesses leads to undesired vibrations in the casting or even in the
component assembly [3].
A novel and innovative approach to act on the potential noise exposure is the integration of smart materials
such as piezoelectric materials into the casting good, illustrated in Fig. 1. Furthermore it is worth mentioning,
that quite recently the concept of integrated PZT-modules can be applied to other material/production systems 
like aluminum sheets [4, 5] as well as thermoplastic compound products [6]. 
Fig. 1 Production cycle of a high pressure die casting component with integrated PZT-module for vibration detection and control;
(a) positioning of the functional module in the cavity of the mold using hybrid support structures (Al99.5 sheets); (b) melt acceleration 
according to a defined casting profile (max. piston velocity: 3 m/s) until the cavity is completely filled; (c) after solidification and cooling 
the casting is ejected.
The piezoelectric modules have to be integrated in a damage free and geometrically defined way to ensure
the best possible performance achievable. Therefore hybrid support structures are applied in order to sustain 
mechanical loads during the casting process and highly dynamic filling conditions. X-ray-images are
presented to verify the basic ideas of the support concept.
As the support structure consists of pure aluminum, the natural Al2O3-layer acts as a barrier between the
fixing system and the metal matrix. Due to the lack of interface strength, the mechanical properties of the part 
are reduced. In order to realize a sound interface several coatings have been tested. Especially the zincate
treatment in combination with electrolytic galvanizing results in a strong enhancement of the mechanical
properties.   
2. Material and methods
2.1. Material
For the experiments the standard die casting alloy 226 D (AlSi9Cu3(Fe), TSolidus 521 TLiquidus 593 °C) was
used. The selected casting alloy is characterized by an excellent castability with average mechanical
properties [1].
The hybrid support structure is produced from aluminum Al99.5 (1050) sheets and exhibits a countersank 
deepening for the positioning of the piezoelectric patches. Using Al99.5 implicates several advantages as
reduced differences in thermal expansion coefficients, minimized corrosion problems and the opportunity of 
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product recycling. To ensure the position of the module on the support structure during the casting cycle, the
components are connected via adhesive bonding using a 2K-Epoxy resin (brand name: Loctite M-121HP
Hysol®). 
Two piezoelectric patch designs have been chosen for the integration into aluminum castings, see figure 2. 
A commercially available patch transducer (brand name: DuraAct, distributor: PI Ceramic GmbH) as well as
multilayered LTCC-PZT modules [7] can be applied in the described processing route. Both operate in the
lateral extension mode (d31-mode). In the present paper LTCC-PZT modules without contacting wires are
used as this sufficiently serves the purpose of approving the introduced concept.
Fig. 2 (a) LTCC-PZT patch as developed by Flössel et al.[7]; (b) DuraAct transducer patch; (c) LTCC-PZT-dummies on hybrid 
support structure (Al99.5 sheet) previous to casting experiments. Expandable metal components are added to guarantee the position 
during the casting.
2.2. Fabrication
Since the piezoelectric patch operates in a lateral extension mode, the functional component has to be
placed in the highest possible distance to the neutral axis of the casting. Hence tensile and compressive
stresses can be detected in a wide range of frequencies [8]. To ensure the load transmission between casting
good and piezoelectric component, module edges are firmly engaged with the casting matrix after the cavity 
filling and shrinkage on solidification. Contrary to the application with expanded metal parts [9] the present 
results are based on the application of Al99.5 sheets at the cavity surface. LTCC patches are placed on metal
sheets via adhesive bonding. In the following step the support structure including the functional component is
sited in the mold cavity using fixing pins as intermediate positioning system. Therefore a die casting mold 
with a simple prismatic geometry (178 x 178 x 3.5 mm³) is chosen. While the die is closing and the fixing
pins are pulled out of the cavity expandable metal parts are compressed between the Al99.5 sheet and the
cavity wall to guarantee the placing during the casting process. Detailed fabrication specifications are given
by Rübner et al. [9]. The verification of the casting experiments is provided by x-ray analysis (ct-alpha big).
2.3. Coating
The coating is applied to overcome the barrier effect of the natural Al2O3 layer. Hence the zincate
treatment is the most suitable coating process as the procedure includes the dissolution of the surface oxides
while the deposition of the zinc layer takes place simultaneously. The coating mechanism is based on a simple
redox reaction and is stated in the equations (1) and (2) [10].
Oxidation: Al2O3 + 2NaOH + 3H2 NaAl(OH)4 (1)
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Reduction:      3Na2Zn(OH)4 NaAl(OH)4 + 4NaOH + 3Zn (deposited) (2)
Previous to the coating step the surface is cleaned from processing agents and organic materials using a
neutral soap dispersion (brand name: Curatech TN 249/400). Sandblasting destructs the oxide layer, thus
increases the effective surface for the following pickling steps. Furthermore it is common practice to disperse
oxide layers prior to the zincate step with Sodium hydroxide and etch the pickling deposit by dipping the
substrate into nitric acid [11]. The zincate step is performed using the commercial product CNF 11 (Schlötter 
Galvanotechnik). Adhesive forces of the zinc layer on the substrate are measured according to DIN EN ISO
4624 Peel-of tests. Therefore a steel pin is glued on the zinc layer and pulled of perpendicular to the surface.
Maximal forces at the point of fraction are measured. 
Recent investigations by Rübner et al. [12] indicate an important influence by the thickness of the applied 
zinc layer. To increase the amount of zinc on the substrate surface a supplemental galvanizing process is 
added to the process chain. Galvanizing parameters are given in Tab. 1.
Table 1. Parameter set for galvanizing step subsequent to the zincate treatment.
Chemical composition pH-Value Current density Bath temperature
150 g/l ZnSO4, 50 g/l (NH4)2SO4, 15 g/l H3BO3 4.5 2.4 A/dm² 35 °C
3. Results and discussion
3.1. Hybrid support structure
Figure 3 shows the implementation of the hybrid support concept into real castings. The LTCC dummy is
placed on the Al99.5 sheets and positioned in the cavity of the casting mold. Subsequent to the fabrication 
procedure, x-ray analysis is carried out to investigate the produced casting goods.
Fig. 3 (a) Positioning of the hybrid support system including a LTCC dummy subsequent to the casting cycle; (b) Casting product;
(c) x-ray image of a casting within the range of the damage free LTCC dummy.
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The main function of the support structure consists in the load pick-up of the functional components during
the casting cycle. Since the PZT foil is the key element of the piezoelectric modules compressive stresses can 
be applied, tensile stresses should be prevented.
Based on x-ray analysis three observations can be made:
Even though the LTCC-dummies are very sensitive against specific mechanical loads, they survive the
severe casting conditions without crack formation or delamination from the support structure.
The adhesive bonding between Al99.5 sheet and the functional component remains active and is not 
showing any sign of degradation despite of the high temperatures during the casting cycle.
Due to the intact bonding layer and the adapted support structure design high position preservation is
accomplished.
3.2. Al-Al compound 
In many cases the oxide layer (Al2O3) acts as a natural protection against wear and corrosion since the 
oxidized state features excellent chemical and mechanical properties [11]. For the presented work these
properties act against the desired compound. Hence the zincate treatment is applied. SEM images show the
surface evolution during the process, see Figure 4.
Fig. 4 Production steps for the zincate treatment visualized by SEM images of the substrate surface; (a) Cleaned commercial Al99.5
sheet; (b) surface structure after sandblasting (SiC). The oxide layer is fractured and thus an effective dissolution with sodium hydroxide
occurs (c); (d) Pickling deposit is dissolved by nitric acid; (e) As the substrate is dipped into the zincate solution zinc nuclei precipitate on 
the oxide free surface. To ensure a fully coverage the primary coating undergoes a pickling procedure; (f) a fully covered zinc surface is
created by reapplication of the zincate solution (g).
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EDX analysis indicates a virtually oxide free surface after the second etch step (Fig. 4 d) as well as at the
end of the coating procedure (Fig. 4 g). Furthermore the created coating exhibits great adhesive forces. Pull-
off tests have been performed and a minimal tensile strength of 7.4 N/mm² has been measured. 
The elimination of barrier layers is followed by the increase of the zinc layer thickness per variation of the
dipping time. Casting experiments were carried out and cross-sections of the castings analyzed via EDX and 
BSE images. Figure 5 exhibits the diffusion profiles of zinc atoms into the hybrid support structure as well as
into the casting matrix.
Fig. 5 (a)-(b) SEM/BSE images of transition-zone Al99.5 Zn layer casting matrix for 5 μm and 22 μm zinc layer thickness; (c)-(d) 
horizontal element distribution (EDX) of the corresponding images above; diffusion of zinc atoms into Al99.5 and AlSi9Cu3(Fe) is
observed [12].
The diffusion length starting from the interface Al 99.5 Zn is about 60 μm. Unfortunately the transition 
zone into the hybrid support structure could not be investigated in detail due to resolution limits. Despite this 
lack of information the resulting diffusion zone is expected to provide the castings with high interface strength
between insert and matrix.
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4. Conclusion 
The concept of hybrid support structures for the integration of piezoelectric transducers has been 
successfully applied to aluminum die casting. X-ray images indicate a damage free integration of the patches. 
Coating techniques to realize a firmly bonded Al-Al-compound have been presented. Here, an intermetallic 
compound could be accomplished and investigated by optical methods and x-ray analysis. Although 
experiments observing mechanical properties still have to be performed, diffusion processes indicate 
satisfactory mechanical compound characteristics. 
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